Recently, we identified biallelic mutations of SLC25A46 in patients with multiple neuropathies. Functional studies revealed that SLC25A46 may play an important role in mitochondrial dynamics by mediating mitochondrial fission. However, the cellular basis and pathogenic mechanism of the SLC25A46-related neuropathies are not fully understood. Thus, we generated a Slc25a46 knock-out mouse model. Mice lacking SLC25A46 displayed severe ataxia, mainly caused by degeneration of Purkinje cells. Increased numbers of small, unmyelinated and degenerated optic nerves as well as loss of retinal ganglion cells indicated optic atrophy. Compound muscle action potentials in peripheral nerves showed peripheral neuropathy associated with degeneration and demyelination in axons. Mutant cerebellar neurons have large mitochondria, which exhibit abnormal distribution and transport. Biochemically mutant mice showed impaired electron transport chain activity and accumulated autophagy markers. Our results suggest that loss of SLC25A46 causes degeneration in neurons by affecting mitochondrial dynamics and energy production.
Introduction
Mitochondria are highly dynamic organelles that are essential for aerobic metabolism and energy production. Recently, we identified SLC25A46, a mitochondrial outer member protein, as a new mitochondrial dynamics-related gene (1) . Recessive mutations in SLC25A46 in patients displayed cerebellar atrophy, peripheral neuropathy, and optic atrophy (1) . This disorder spectrum has been defined as neuropathy, hereditary motor and sensory, Type VIB (HMSN6B), in Online Mendelian Inheritance in Man (OMIM) (http://www.omim.org/entry/616505; date last accessed July 13, 2017) . Subsequent reports showed SLC25A46 mutations cause multiple neuropathies, optic atrophy, Leigh syndrome, progressive myoclonic ataxia and lethal congenital pontocerebellar hypoplasia (2) (3) (4) (5) . Our previous functional study demonstrated the role for SLC25A46 in mitochondrial fission, possibly mediated by protein networks different from the MFN2-OPA1 fusion complex (1) . Recent studies based on non-neuron cell models showed that SLC25A46 may have other functions in mitochondrial dynamics by regulating contacts between the endoplasmic reticulum (ER) and mitochondria or serves as a regulator for MFN1/2 oligomerization (3, 6) .
Mitochondrial dynamics (fusion and fission) affect not only their morphology, but also mitochondrial function and distribution within the cell, which are related to cell bioenergetics and cell damage. Neurons are particularly sensitive to control of mitochondrial distribution (7) , since neurons often have long processes and require proper transportation of mitochondria across long distances to meet the energy requirements of electrical excitability and synaptic transmission. Increasing evidence suggests that abnormal mitochondrial dynamics contribute to neurodegenerative and metabolic disorders (8) (9) (10) (11) . For example, mutations in MFN1/2 and OPA1 in patients cause Charcot-Marie-Tooth neuropathy type 2A (CMT2A) (12) (13) (14) and autosomal dominant optic atrophy (ADOA), respectively (8, 15, 16) . A dominant-negative allele of DRP1 was reported to be associated with abnormal brain development, optic atrophy, and various other abnormalities (17) . However, different fusion/fission-related proteins may affect different neurons in a tissue-specific manner. For example, mutations in MFN1/2 mainly affect the motor and sensory neurons (12) (13) (14) , whereas mutations in OPA1 usually affect optic nerve (8, 15, 16) . Loss of OPA1 function leads to mitochondrial fragmentation and increased apoptosis (18, 19) , but apoptosis is generally not affected in MFN1/2 -deficient cells (20, 21) . Cerebellar cortex abnormalities and Purkinje cells (PCs) degeneration were specifically associated with MFN or DRP1 mutations (22) (23) (24) (25) . There is also evidence of a link between DRP1 and autophagy (26, 27) . Nevertheless, the deficiency of mitochondrial dynamics is common for these conditions. At present, management of these mitochondrial disorders and neurodegenerative disorders remains challenging (28) and highlights the importance of identifying the cellular pathogenesis in the animal model for developing therapeutic targets.
Our recent studies demonstrated a clear connection in zebrafish model between multiple neuropathies in patients with SLC25A46 mutations and the balance of mitochondrial dynamics (1) . Nevertheless, the cellular and molecular basis and pathogenic mechanism of this connection are not fully understood. For example, which specific neuronal populations are particularly sensitive to loss of SLC25A46? How does SLC25A46 deficiency affect mitochondrial functions in specific neurons? How do the affected mitochondria, in turn, induce neuronal fate? To address these questions, we generated the Slc25a46 knock-out mouse model by CRISPR/Cas9 technology. Our findings suggest that SLC25A46 play an important role in mitochondrial morphogenesis, function, and transport as well as autophagy in mammalian neurons. Slc25a46 mutations result in notable degeneration in specific neurons, leading to multiple neuropathies.
Results

Slc25a46 mutation causes severe ataxia in the mouse model
We and others previously determined that mutations in SLC25A46 are causative of a disorder spectrum with cerebellar atrophy, peripheral neuropathy, and optic atrophy (1) (2) (3) (4) (5) , but the underlying pathogenesis of these mutations in mammals remains unknown. Here, we generated a transgenic knock-out mouse model by inducing a 46-bp deletion in exon 8 To assess motor coordination in more detail, Slc25a46 À/À and WT littermates were subjected to rotarod testing at 4 weeks after birth. Slc25a46 À/À mice exhibited a significant reduction in time spent on the rotarod (P < 0.001), indicating impaired balance and motor coordination (Fig. 1F ). Locomotor testing within 60 min confirmed the significantly lower motor activity for Slc25a46 À/À mice (P < 0.001) (Fig. 1G ).
Purkinje cell loss and dendritic abnormalities are associated with ataxia in Slc25a46 À/À mice
To explore the underlying pathological change leading to ataxia and abnormal gait, we searched for anatomical and histological abnormalities from Slc25a46 À/À cerebellum, which mainly functions in control of motor coordination and balance. At 2 and 9 weeks of age, the neural architecture of the mutant brain was grossly normal. Except for the smaller size of the brain in adult mutant mice, there were no visible defects in the structure of the vermis or cerebellar hemispheres from 2 and 9 weeks of age ( Fig. 2A ). Hemotoxylin and eosin (H&E) stained sagittal sections revealed that cerebellar foliation and trilaminar organization were similar between Slc25a46 À/À and WT mice ( Fig. 2A) . By 3 weeks of age, slight decreases in brain size and weight were found in mutant mice. A progressive decrease in size was noted after 6 weeks (P < 0.01), indicating progressive atrophy in the Slc25a46 À/À mouse brain (Fig. 2B ). (Fig. 2C) . A decrease in calbindin staining ($20%) and remarkable PCs loss was observed at P60 (P < 0.05), but there is no significant difference at P21 ( Fig. 2D and E).
To confirm abnormal development of PC dendrites in the Slc25a46 À/À cerebellum, we performed Golgi staining that can specifically visualize the intact morphology of neurons with dendrites and spines (29) . In mutant mice, around 40% of stained PCs possessed only one or two primary dendritic branches with relatively straight extension in both directions at P30 and P60. In contrast, most WT PCs exhibited a highly stereotypic dendritic branching pattern, with 1 to 2 first-order branches emerging from the cell soma, followed by secondary and tertiary branches (Fig. 2F) . This difference was found to be statistically significant (P < 0.001) (Fig. 2G) . We used magnetic resonance imaging (MRI) and spectroscopy to examine brain abnormalities in Slc25a46 À/À mice. Brain volume measured by MRI again indicated a decrease in size, consistent with our analysis of the dissected brains (Supplementary À/À female mice exhibited reduced motor activity
, n ¼ 6). Activity was recorded every 5 min over a 60-min period.
Material, Fig. S2D ). In vivo MRI-guided spectroscopic analyses at 7T revealed a reduction of total N-acetylaspartate and N-acetylaspartylglutamate (tNAA) amounts in spectra acquired from Slc25a46 À/À cerebellum compared to controls (P < 0.05), indicating metabolic abnormalities (Supplementary Material, Fig. S2E ).
Purkinje cell loss is caused by cellular degeneration in Slc25a46 À/À mice
As there was no significant difference in apoptosis staining in the central nervous system, one potential cause for the Purkinje cell loss and dendritic reduction could be neuronal degeneration. To assess neurodegeneration in Slc25a46 À/À mice, brain and spinal cord sections were stained with Fluoro-Jade C, a fluorescent high-resolution selective dye for neurodegeneration (30) . Degenerative signals were present in axons, dendrites, and several somata of PCs in Slc25a46 À/À mouse cerebellum at P60, but not in WT controls (Fig. 3A) . Furthermore, toluidine bluetreated PCs somata and dendrites in Slc25a46 À/À mice displayed dense staining, compared to WT. Some somata shrank into an irregular shape with dysmorphic stained dendrites in the molecular layer, indicating advanced stages of degeneration (31) (Fig. 3B ). These findings were not evident in WT littermates and early age mutant mice at P30. Electron microscopic (EM) examination of the cerebellum confirmed the degeneration in axons, dendrites and somata of mutant PCs ( Fig. 3A and B ). Enlarged mitochondria with disorganized cristae, shrunk nucleus, autophagic vacuole and dilated endoplasmic reticulum were often found in degenerating PC bodies (Fig. 3B ). Anti-myelin basic protein (MBP) and anti-adenomatous polyposis coli protein (APC), clone CC1 staining showed no obvious difference in the cerebellum white matter between Slc25a46 À/À and WT mice, in- Gliosis and inflammation are activated in response to degeneration or damage in the central nervous system. We performed IF staining for glial fibrillary acidic protein (GFAP) to detect gliosis. Enhanced GFAP expression was observed in the cerebellar white matter and molecular layer of Slc25a46 À/À mice, suggesting the presence of activated gliosis (Fig. 3C ). CD68 as an inflammatory marker was stained by IHC. Positive signals were observed in the cerebellar white matter and Purkinje cell layer of Slc25a46 À/À mice, whereas these signals were absent in control littermates (Fig. 3D ). Taken together, our results suggest that Purkinje cell neurodegeneration contributes to the pathogenesis of impaired motor coordination in Slc25a46 À/À mice.
Slc25a46 mutation causes mitochondria dysmorphology and dysfunction in cerebellar neurons
To examine the mitochondrial morphology in affected cerebellum, ultrastructural analysis was performed by EM. In Slc25a46 À/À PCs soma, we identified a portion of extremely enlarged mitochondria, which appear to be fused by a few mitochondria (Fig. 4A ). We also noticed that mutant mitochondria in degenerative PCs were usually larger in diameter with vesiculation of their inner membranes, in contrast to the regular, accordion-like folds of cristae in WT mitochondria (Fig. 4A) . Similar large round mitochondria with swollen cristae were also found in Slc25a46 À/À PCs dendrites (Fig. 4B ). They appeared to lose their polarity and distributed unevenly along the dendrites, frequently blocking at the dendritic intersections, which may restrict mitochondria from entering the distal, small branches ( Fig. 4B ). In contrast, the mitochondria of WT PCs have slender, tubule-like structures and generally fill the dendritic tracts in parallel (Fig. 4B ). After quantitation, maximum diameter of mitochondria in mutant PCs dendrites was almost two-fold increased relative to WT dendrites (Fig. 4C) . Interestingly, in addition to the aberrantly large mitochondria, we also observed a remarkable increase of ring-shaped or C-shaped mitochondria in mutant PCs (usually in early stage of degeneration, recognized by light staining and smooth morphology of cell body), but in mutant granule cells mitochondria still kept normal (Fig. 5A ). By examining multiple mitochondria in different Slc25a46 À/À PCs, we inferred that the ring-shaped mitochondria were formed undergoing a series of changes. They may first compress and elongate from the middle, then bend around cytosolic constituents to form C-shape. Finally the head and the tail of such mitochondria fused together to form ring-shaped or spherical structure (Fig. 5B ). They had typical mitochondrial features, including the double membranes although with disrupted cristae, and seemed to be different from autophagosomes. Combination of dysmorphic mitochondria and disorganized cristae structure is often associated with compromised mitochondrial bioenergetics (32) . To test the mitochondrial function, we isolated the mitochondria from the mouse cerebellum for the detection of complex activity and ATP production. Correspondingly, we observed significantly reduced activity levels of mitochondrial complexes I to IV (P < 0.05) in Slc25a46 À/À mice, compared to WT mice (Fig. 5C ). ATP production was also reduced by nearly 20% (P < 0.05) (Fig. 5D ). These findings suggest Slc25a46 mutations cause dysmorphic mitochondria and mitochondrial dysfunction in the neurons.
Improper distribution due to impaired transport of mitochondria during Slc25a46 À/À neuron growth
To gain further insight into the roles of SLC25A46 function in maintaining physiological features of neurons, cerebellar neurons were isolated from P3 mice and cultured in vitro. At 5 days in vitro (DIV), PCs were stained by calbindin and mitochondria were labeled with MitoTracker. Each cultured WT Purkinje cell displayed normal morphology with vase-like cell soma, extended axon and several dendrites (Fig. 6A ). Mitochondria were evenly distributed in soma and dendrites (Fig. 6A) . However, Slc25a46 À/À PCs display dysmorphic soma with fewer dendrites.
Swollen structures in dendrites and axons were easily observed in mutant PCs, suggestive of degeneration (33) (Fig. 6A) . In addition, mitochondria frequently fused and aggregated in mutant PCs somata, but fewer mitochondria distributed in dendrites (Fig. 6A ). Taken together with EM studies, these findings suggest that increases in the size of mitochondria likely impair transport of mitochondria along the dendrites in Slc25a46 À/À PCs, thus leading to improper distribution. Thus we performed timelapse imaging to test the real-time mitochondrial transport. During 4h time-lapse video, we found the movements of mitochondria in Slc25a46 À/À PCs dendrites were slower than in WT PCs (Supplementary Material, Movie. 3 and 4). By using kymograph analysis, we studied mitochondrial dynamics modulations on mitochondrial mobility. We found that large and round mitochondria appeared to move much slowly. Some were even immobile in mutant dendrites (Fig. 6B) . The velocity and path length were analyzed in both Slc25a46 À/À and WT PCs, which were found a statistical significance between the two groups ( Fig. 6C and D) . For C-shaped and ring-shaped mitochondria in vivo, it was reported that the changes are considered to occur in response to oxidative damage to mitochondria in cells (34, 35) . Therefore, we performed the ROS and superoxide assay in live cerebellar neurons. We found that indeed, ROS and superoxide level were increased in mutant neurons at 6 DIV by different probes (Supplementary Material, Fig. S4A and B). Autophagy was considered to be a response to oxidative damage (36) . To examine autophagy in cerebellar neurons, we performed IF analysis to examine LC3 and ubiquitin, which are autophagosome markers. We found enhanced LC3 signals co-localized with enlarged mitochondria in Slc25a46 These results support that Slc25a46 is required for maintaining normal ROS and autophagy during neuron growth.
Slc25a46 mutation causes optic neuropathy in
To investigate whether SLC25A46 deficiency in mouse can cause optic neuropathy, we analyzed the retina and optic nerves. Optical coherence tomography (OCT) as a noninvasive imaging technique was used to acquire cross-sectional tomographic images of the retina in vivo (37, 38) . Although images of the optic disc under bright field were grossly normal in terms of retinal appearance, OCT scanning revealed thinner retinas in aged Slc25a46 À/À mice (Fig. 7A) . Quantitative measurements indicated that the average thickness of the whole retina and ganglion cell complex (GCC), which includes the nerve fiber layer (NFL), ganglion cell layer (GCL), and inner plexiform layer (IPL), were decreased in Slc25a46 À/À compared to control mice at P120 (P < 0.05; P < 0.01; respectively) (Fig. 7B) . Outer retinal thickness was relatively normal. No significant difference was found in P30 mice, indicating an age-dependent process (Supplementary Material, Fig. S6A and B) .
Retinal H&E-stained sections displayed normal organization of retinal structure but thinner inner retinas and noticeable retinal ganglion cell (RGC) loss in the GCL at P70 (Fig. 7C) . Using the RGC marker Brn-3a for IF staining, we found that the number of Brn-3a-positive cells was reduced in Slc25a46 À/À mice at P70 (P < 0.001), indicating degeneration of the RGCs (Fig. 7D) . Although Brn-3a-positive cells were also slightly decreased at P30 (P < 0.05), no obvious loss of RGCs was found in H&E-stained sections (Supplementary Material, Fig. S6C and D) . Semithin resin sections of toluidine blue-stained distal optic nerves of Slc25a46 À/À mice at P30 and P60 displayed greater numbers of small axons compared to WT controls (Fig. 7E) . EM examination at P60 showed that around 50% of axons were hypomyelinated in Slc25a46 À/À optic nerves, with many unmyelinated and degenerating axons (Fig. 7E) . In myelinated axons, G-ratio analysis (axon diameter divided by total fiber "axon þ myelin sheath" diameter) indicated that the myelin thickness was decrease in Slc25a46 À/À mice compared to controls (P < 0.01) (Fig. 7F) . Diameters of most axons in Slc25a46 À/À mice were smaller than WT littermates (P < 0.001) (Fig. 7G) . Similar small axons were also found at P30 (Supplementary Material, Fig. S6E and F). Taken together, the data indicate that Slc25a46 À/À mice display optic neuropathy associated with RGC loss and abnormal myelination associated with degeneration of optic nerves.
Slc25a46 mutation causes peripheral neuropathy associated with axon degeneration and demyelination SLC25A46 mutations cause peripheral neuropathy in humans (1). Aged Slc25a46 À/À mice displayed enhanced hind limb were isolated from mouse cerebellum (*P < 0.05, **P < 0.01, ***P < 0.001; WT, n ¼ 4; Slc25a46
Data of (C,D) are representative of two independent replications.
clasping reflex and muscle atrophy, indicative of potential peripheral neuropathy (Fig. 8A) . In many human peripheral neuropathies, demyelination is associated with muscle atrophy and lower extremity dysfunction. We examined peripheral nerve conduction in Slc25a46 À/À mice by acquiring compound muscle action potentials (CMAPs) from the lateral gastrocnemius muscle during direct electrical stimulation of the exposed sciatic nerve in vivo. Based on recorded electromyography (EMG) wave (Fig. 8B) , conduction velocity (CV) and CMAP amplitude were measured. CVs and CMAP amplitudes were decreased in P60 Slc25a46 À/À mice (P < 0.001) compared to normal littermates, suggestive of possible myelination defects ( Fig. 8C and D) .
To examine myelination in the peripheral nervous system, sciatic nerves of Slc25a46 À/À mice were collected for toluidine blue staining and electron microscopic (EM) examination. Semithin resin sections of toluidine blue-treated nerves from P30 and P60 showed slight global hypomyelination in Slc25a46 (Fig. 8E) . In myelinated axons, analysis of the G-ratio showed a decrease in myelin thickness in Slc25a46 À/À mice (P < 0.001) (Fig. 8F) .
Diameters of approximately 80% of Slc25a46 À/À axons were in the range of 1 to 4 lm, which is remarkably smaller in size compared to WT controls (P < 0.001) (Fig. 8G) . These results, combined with positive Fluoro-Jade C staining in the spinal cord (Supplementary Material, Fig. S3B ), indicate that peripheral neuropathy is caused by peripheral axon degeneration and demyelination. By ultrastructural study, we identified a portion of aberrantly enlarged mitochondria, which tended to clump together, in mutant sciatic nerves (Fig. 8H ). Vesicular-like or loss of cristae were noticed in mutant mitochondria, in contrast to the regular, accordion-like folds of cristae in WT mitochondria (Fig. 8H) . Occasionally, a cluster of messy mitochondria were observed in degenerating axons (Fig. 8H) . Quantitative measurements of the mitochondrial diameter indicated mitochondrial size in Slc25a46 À/À mice was notably larger than WT mice (P < 0.001) (Fig. 8I) . 
Discussion
In mice, most of the homozygous mutants for mitochondrial dynamics-related genes, like Mfn2, Opa1, and Drp1, are embryonic lethal, while heterozygous mutants or conditional knock-out mice usually show pathological changes in unitary tissue (23,39-42). Nevertheless, Slc25a46 À/À mouse had a grossly normal embryonic development and recapitulated most of the human phenotypes, with multiple progressive neuropathies as well as retarded growth. Based on this mouse model, we discovered underlying cellular lesions in affected nervous tissues by histopathological analysis. Movement disorder was presented in almost all of reported patients, but the onset of this phenotype varied, which might be (F) Scatterplot displays G-ratios of individual optic nerve axons (P < 0.01, data collected from 100-300 myelinated fibers per group; n ¼ 3 for WT and Slc25a46 À/À mice).
(G) Distribution of axon diameters for optic nerves (P < 0.001; n ¼ 3 for WT and Slc25a46 À/À mice). showed major changes in cerebellar PCs, whereas granule cells seemed to be spared (40) .
We have yet to determine why some neurons are selectively affected by abnormal mitochondrial function and dynamics. One possibility is that the Purkinje cell is one of the largest neurons in the brain, with a relatively long axon and extremely extensive dendritic branches. This type of neuronal architecture requires the proper transport and distribution of highly organized organelles, such as mitochondria. When we examined the cerebellum using EM, aggregation of enlarged and spherical mutant mitochondria with swollen cristae were often visualized at dendritic intersection and were rarely found around the spines, resulting in poor mitochondrial distribution in PC dendrites. After further tests in cultured mutant PCs, we confirmed that impaired motility likely underlies the paucity of mitochondria in neurites. As poor mitochondrial distribution could cause insufficient ATP production and Ca 2þ buffering in the termini (43) , ultimately leading to the death of dendrites, axons, and then cell bodies of neurons, this could be the underlying pathogenesis of mutant PC loss and dendritic abnormalities. These findings further confirm the role of SLC25A46 in mitochondrial dynamics. Although our previous study suggested that SLC25A46 may function as a pro-fission factor (1), other subsequent studies based on non-neuron cell models showed that SLC25A46 may mediate mitochondrial dynamics by regulating contacts between the endoplasmic reticulum (ER) and mitochondria or serves as a regulator for MFN1/2 oligomerization (3,6). Thus, the molecular mechanism of SLC25A46 function remains elusive and needs to be further studied. Given the central metabolic function of mitochondria, mitochondrial dynamics and bioenergetics reciprocally influence each other (44) . Our results support the notion that fusion/ fission imbalance in Slc25a46 À/À mice cerebellum is associated with a reduction in respiratory complex activities and ATP production, indicative of cellular metabolic dysfunction. According to several studies, a ring-shaped mitochondrial morphology may be indicative of a cellular response to oxidative damage in the mitochondria (34, 35) . We identified C-shaped or ring-shaped mitochondria and increased ROS levels in our mutant cerebellar neurons, suggesting that antioxidants could be an option for treatment as shown in Drp1KO Purkinje cells (25) . Our results also support the conclusion that neurons with a high level of ROS require balanced mitochondrial dynamics to reduce oxidative damage (45) (46) (47) . Otherwise, autophagy is needed to eliminate accumulated damage to mitochondria, which is consistent with our findings that increased level of the autophagy marker LC3B colocalized with large mitochondria in mutant neurons.
Optic atrophy is one of the striking phenotypes in human patients with SLC25A46 mutations. By histological analysis in Slc25a46 À/À mice, RGC degeneration was found to be the major pathological feature of SLC25A46-related optic atrophy. Due to the severely impaired motor coordination of Slc25a46 À/À mice, we were unable to examine visual acuity by slit-lamp tracking. However, our results revealed significantly reduced retinal and GCL thicknesses in adult Slc25a46 À/À mice, associated with RGC and optic nerve degeneration and unmyelination. The hallmark of ADOA is the preferential involvement of small fibers with abnormal myelination (41) . Slc25a46 À/À mice revealed very similar features. One plausible explanation is that the thin fibers in Slc25a46 À/À may have compromised transport of the hyperfused mitochondria. EMG of the sciatic nerves in adult Slc25a46 À/À mice showed reduced CAMPs and CVs, which was further supported by EM observations that the distal sciatic nerves display hypomyelination with degeneration and demyelination in axons. In general, this change was not as severe as the changes in CMT1, which are usually caused by dysfunction of myelin-related proteins such as PMP22 and MPZ. In those cases, general segmental demyelination and remeylination ("onion bulbs") are more obvious (48, 49) . In Slc25a46 À/À mice, dysmorphic mitochondria were also prominent and mainly found in axons, but not in SCs, providing the pathological evidence that the peripheral neuropathy was of the axonal CMT (CMT2) subtype. The reduction of CV in Slc25a46 À/À mice could be secondary to demyelination, which results from axon degeneration induced by abnormal mitochondria dynamics as a primary cause.
Together with the degeneration in long peripheral axons and distal optic nerves of Slc25a46 À/À mice, our results support that neurons with long axons or complicated dendrites are more sensitive to abnormal mitochondrial dynamics. Similar to the findings in Slc25a46 À/À Purkinje cells, this sensitivity also could be due to the impaired mobility and transport of Slc25a46 À/À hyperfused mitochondria along the axons and dendrites, probably due to their abnormal size and/or reduced ATP availability in the distal portion of long axons secondary to mitochondrial dysfunction. Further studies will be needed to clarify this point.
In conclusion, our Slc25a46 knock-out mouse model recapitulates most of the phenotypes in patients. This model allows us to study multiple neuropathies in vivo, including ataxia, peripheral and optic neuropathies. Our findings support a model in which Slc25a46 mutations cause abnormal mitochondrial morphology and dysfunction, thereby potentially altering mitochondrial transport and distribution in the long axons and extensive dendrites. These energy deficiencies in the distal axons and synaptic terminals and abnormal mitochondrial dynamics lead to neurodegeneration and demyelination and cause cell body degeneration in a retrograde fashion. This mouse model provides an incredibly valuable tool to investigate the pathophysiology of neuropathies and mitochondrial dynamics in vivo. Understanding the cellular pathogenic mechanisms of SLC25A46 mutations will open new avenues to developing effective treatments for the mitochondrial dynamics-related diseases, including many common neurodegenerative diseases.
Materials and Methods
Generation of Slc25a46
À/À mice Multiple sgRNAs targeting exon 8 of Slc25a46 were designed using the CRISPR Design Tool website (http://crispr.mit.edu:8079/?). To improve editing activity, we modified the pX458 vector (Addgene #48138) by flipping an A-T base pair and extending the Cas9-binding hairpin structure to create a pX458M vector (50) . The sgRNA target sequence was cloned into pX458M. Editing activity was validated by the T7E1 assay in mK4 cells (51), compared side-by-side with Tet2 sgRNA that was previously published and known to work (52) . Validated sgRNA (5'-TGACGTTATA CTTTACCCAC-3') and Cas9 mRNA were transcribed in vitro and injected into the cytoplasm of fertilized eggs of B6D2F2 genetic background. Injected eggs were transferred into the oviductal ampulla of pseudopregnant CD-1 females. Pups were born and genotyped by PCR with the following primer pair: forward, 5'-ACGAGTGATA GGCTTGGGAG TG-3'; reverse, 5'-ACCAAACACT CCTTCCTCCT GC-3'. Offspring were genotyped by genomic PCR and Sanger sequencing. Animals were housed in a controlled environment with a 12-h light/12-h dark cycle, with free access to water and a standard chow diet. Diet gel (DietGelV R 76A, ClearH 2 O) was provided to affected homozygous mice. Unaffected littermates and WT mice were used in the experiments as controls. All animal procedures were carried out in accordance with the Institutional Animal Care and Use Committee-approved protocol of Cincinnati Children's Hospital and Medical Center.
Western blot
Western blot analysis was performed as described (53) . Rabbit anti-SLC25A46 N-terminal (1:1,000, Aviva Systems Biology) and mouse anti-GAPDH monoclonal antibody (1:4,000, Ambion) was applied.
Behavioral studies
Motor coordination and balance were assessed with a rotarod test. Each mouse was placed on the rotating drum of an accelerating rotarod (UGO Basile Accelerating Rotarod, OH) at increasing rates from 4 to 40 rpm over a 3-min period. The time that each mouse was able to maintain its balance on the rod was determined as the latency time to fall (s). Locomotor activity was measured in a 41 Â 41 Â 30 cm Accuscan activity monitor equipped with 16 pairs of photodetector-LED beams along the x and y axes (Accuscan Electronics with VersaMax Software, OH). The test was conducted under normal overhead fluorescent lighting. Individual mice at 4 weeks were placed in the chambers for 60 min. Total ambulation activity was recorded in 5-min intervals.
Histological procedures
Frozen tissue sections were processed as described (54) . Briefly, mice were perfused transcardially with PBS and fresh 4% paraformaldehyde (PFA) in PBS. After overnight postfixation in 4% PFA at 4 C, tissues were incubated in 30% sucrose for at least 24 h.
Paraffin sections (5-8 lm in thickness) were cut and processed for immunocytochemistry according to an avidin/biotin amplification protocol using diaminobenzidine (DAB) as chromogen and H&E staining. Cryosections 
Golgi staining
After mice were deeply anesthetized, the cerebellum was quickly removed and prepared for Golgi staining using the FD Rapid Golgi Stain Kit (FD NeuroTechnologies) according to the manufacturer's protocol. After staining, the cerebellum was embedded in 4% agarose and cut into 150-lm sagittal section by vibratome (LEICA VT1000 S). The sections were then mounted on slides, dehydrated with xylene and then cover-slipped with permount (Fisher Scientific). Images were acquired with Zeiss Axioskop and quantified using ImageJ software (National Institutes of Health).
Fluoro-Jade C staining
Sections were mounted on gelatin-coated slides, air-dried, and subjected to Fluoro-Jade C staining. Slides were immersed in a solution containing 1% NaOH in 80% ethanol for 5 min, rinsed in 70% ethanol for 2 min, rinsed in distilled water for 2 min, and incubated in 0.06% potassium permanganate solution for 10 min. Following a water rinse for 2 min, slides were transferred to 0.0001% Fluoro-Jade C staining solution dissolved in 0.1% acetic acid for 10 min. After three washings with water, slides were air-dried on a slide warmer at 50 C for 30 min, then cleared in xylene and cover-slipped with DPX (Sigma-Aldrich). Signals were visualized with a Zeiss Axiovert 200M microscope.
In vivo MRI and spectroscopy
Data were collected on a Bruker BioSpec 7-T system (Bruker BioSpec 70/30, Karlsruhe, Germany) equipped with 400 mT/m actively shielded gradients and Paravision 6.0 software. Animals were anesthetized by 1% to 2% isoflurane delivered by oxygen. Respiration rate was maintained at around 80 breaths per minute. Animals were kept warm with a flow of warm air controlled by a Small Animal Instruments (Small Animal Instruments, Inc., Stony Brook, NY) monitoring system. Mice were centered in a home-build 25 mm ID solenoid coil. Localizers were acquired in all three planes, followed by an ungated 3D RARE sequence (repetition time 1.2 s, effective echo time 56 ms, 0.2 mm isotropic resolution) for volumetric measurements. PRESS spectra (repetition time 2.5s, echo time 20 ms) were acquired from a 2 Â 2 Â 4 mm voxel in the thalamus and a 1.5 Â 1.5 Â 1.5 mm voxel in the cerebellum. Total scan time was about 1 h. Volumes were estimated by drawing regions-of-interest in ImageJ. MRS data were quantified using the LCModel software with water as an internal reference (55).
Electron microscopy
Mice were anesthetized and perfused with 0.9% NaCl and EM fixative (4% paraformaldehyde, 2.5% glutaraldehyde, PBS, pH 7.4-7.6). Tissues were postfixed in EM fixative buffer, washed in 0. 
Complex activity
Activities of respiratory chain complexes were determined as described previously (56) . Briefly, complex I activity was assessed by measuring the decrease of NADH absorbance at 340 nm, using decylubiquinone as an electron acceptor. Complex II activity was measured by following the reduction of 2, 6-dichlorophenolindophenol (DCPIP) with the decrease of the absorbance at 600 nm of oxidized DCPIP. Complex III activity was determined by measuring the reduction of cytochrome c by an increase of absorbance at 550 nm. Complex IV activity was measured by monitoring the oxidation of reduced cytochrome c as a decrease of absorbance at 550 nm (Cary 300 UV-Vis Spectrophotometer Agilent, CA). Activities of complexes I to IV were normalized by citrate synthase activity and used in the analysis.
ATP production
ATP Bioluminescence Assay Kit CLS II was used for the ATP assay according to the manufacturer's instructions (Roche Applied Science). Cerebellum from mice were minced into 1-to 2-mm 3 pieces in ice-cold isolation buffer (10 mM EDTA/0.05% trypsin in phosphate-buffered saline, PBS), incubated for 30 min on ice, and centrifuged at 300 Â g for 5 min. Harvested pellets were homogenized in ice-cold PBS containing 10 mM EDTA and protease inhibitor using the GentleMACS Dissociator. Homogenized samples were filtered with 70-mm filters and centrifuged (4 C, 5 min at 800 Â g). Resultant supernatants were used to detect ATP levels. Assay buffer and substrate were equilibrated to room temperature, and buffer was transferred to and gently mixed with the substrate to obtain a homogeneous solution. After equilibration, 100 ml of the assay reagent and 100 ml of tissue lysis buffer were added to each well. Luminescence was read on a microplate reader (Synergy H1, Bio-Tek).
Cerebellar neuron culture and immunofluorescence
Cerebellar neurons were isolated and cultured according to the methods described in previous reports (25, 57) . Briefly, after genotyping for the newborn mice, cerebella from P3 mice were dissected and dissociated by Papain Dissociation System Kit (Worthington Biochemical Corporation). Cerebella were incubated with 20 units/ml papain in EBSS for 20 min at 37 C. After three washings with EBSS, cerebella were dissociated by pipetting ten times each with a regular Pasteur pipette and a firepolished Pasteur pipette coated with fetal bovine serum. The cell suspensions were transferred into a fresh tube and centrifuged at 200g for 5 min at room temperature, then resuspended in 200 ml of inhibitor solution (100 mg/ml ovomucoid inhibitor, 100 mg/ml albumin, 10 U/ml DNaseI in EBSS). Cells were collected by centrifugation at 200g for 5 min at room temperature and resuspended in seeding medium (100 mM putrescine, 30 nM sodium selenite, 1% penicillin-streptomycin, in DMEM/F12) supplemented with 10% fetal bovine serum. 1.5-2 Â 10 5 cells were plated onto each 3.5-cm coverslip-bottomed dish (P35G-0-14-C; MatTek), which was coated with 1 mg/ml poly-L-lysine in 100 mM borax buffer, pH 8.5, at 37 C for 2 d. After the neurons were incubated at 37 C for 3 h, 2.3 ml of seeding medium supplemented with 1% penicillin-streptomycin, 3.9 mM glutamine, 2.1 mg/ml glucose, 200 mg/ml transferrin, 40 nM progesterone, 20 mg/ml insulin, 0.5 ng/ml triiodothyronine, 100 mg/ml bovine serum albumin, and 5% fetal bovine serum were added to the dish. Half of the culture medium was replaced with seeding medium every 2-3 days. 500nM MitoTrackerV R Red CM-H2XRos (M7513, Invitrogen) was used to label mitochondria in live cells (and can be retained after fixation). For immunofluorescence, cerebellar cells were fixed in pre-warmed 4% paraformaldehyde in PBS for 20 min, washed with PBS three times, and permeabilized with 0.1% Triton X-100 in PBS for 10 min. After blocking in PBS containing 0.5% BSA and 10% donkey serum, cells were incubated overnight at 4 C with antibodies to calbindin D28k (1:1000, Swant), Tom20 (1:500, Millipore), LC3 (1:500, Cell Signaling Technology), and ubiquitin (1:500, BD Bioscience), followed by the appropriate secondary anti-bodies. Cells were viewed using Zeiss Axiovert 200M microscope or Nikon C2 confocal microscopes.
Time-lapse imaging
For time-lapse imaging of the mitochondria, live cerebellar neurons were labeled with MitoTrackerV R Red CM-H2XRos (M7513, Invitrogen) and monitored by an incubator microscope (Nikon SpectraX wide field) equipped with a 60Â objective (NA ¼ 1.40, Nikon) at 5s intervals for 4h. Kymograph, velocity and path length of the mitochondria in dendrites were analyzed and quantified by NIS elements software (Nikon).
ROS and superoxide assay
Levels of ROS were detected with ROS/Superoxide Detection Assay Kit (Abcam). Briefly, cerebellar neurons were seeded into three groups as negative, positive and testing group. Negative control cells were treated by 30 min with the ROS inhibitor (N-acetyl-Lcysteine). Pyocyanin was then added into both negative and positive control cells to induce ROS and superoxide. To measure ROS and superoxide production, all 3 groups of cells were incubated with the oxidative stress detection reagent (green) and superoxide detection reagent (orange) for 30 min to 1 h. Subsequently, cells were washed twice with 1X a Wash buffer. After fluorescence calibration by negative and positive groups, cell images were captured under Zeiss Axiovert 200M microscope using standard excitation/emission filter sets (green 490/525 nm and orange 550/620 nm).
Compound muscle action potential (CMAP) recording
Mice were first anesthetized with an intraperitoneal injection of 50 mg/kg sodium phenobarbital. The lateral gastrocnemius muscle was then exposed from the knee to about 4 mm above the ankle. Sciatic nerve was exposed near the biceps femoris muscles. Mylar-coated steel recording wires (California Fine Wire) were implanted into the lateral gastrocnemius muscles, and reference wires were inserted under the skin near the base of the tail. A concentric bipolar stimulating electrode was placed on the sciatic nerve and used for electrical activation. CMAPs were amplified, obtained with a Micro 1401 data acquisition unit, and analyzed offline with Spike2 software (Cambridge Electronic Design, Cambridge, UK). A 2-to 4-mA electrical stimulation of the sciatic nerve immediately proximal to the tibial, sural, and common peroneal branches was employed via a stimulus isolation unit (WPI) connected to the Micro 1401. After recording, the sciatic nerve was axotomized. The proximal end of the sciatic nerve was stimulated to ensure that CMAPs were generated from direct nerve stimulation. CMAP CV, amplitude, and duration were calculated from each stimulation paradigm. The average stimulation of the sciatic nerve for each paradigm was obtained and averaged across animals.
In vivo imaging using OCT
Mice at P30 and P120 were anesthetized with a mixture of xylazine (6 mg/kg) and ketamine (100 mg/kg). Pupils were dilated with a topical drop of cyclomydril (Alcon Laboratories, Fort Worth, TX). Two minutes after pupil dilation, lubricating eye drops (Alcon Laboratories) were applied to the cornea. Spectral domain OCT with guidance of bright-field live fundus image was performed using the image-guided OCT system (Micron IV, Phoenix Research Laboratories) according to the manufacturer's instructions. The vendor's image acquisition software was used to generate fundus images and OCT scans. The vendor's software (Insight) was used to measure thicknesses of retinal layers (NFL þ IPL þ INL) and entire retinas.
Statistical analysis
Results are presented as means 6 SD. Graphical illustrations and significance were obtained with GraphPad Prism 5 (GraphPad) using Student's t test or multiple comparison ANOVA, followed by Bonferroni or Dunnett post hoc tests (according to the sample sets), unless otherwise stated. P < 0.05 was considered statistically significant (*P < 0.05; **P < 0.01; ***P < 0.001).
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